to avoid S-shaped I-V curves 3 and, therefore, has to be around 1 V or higher. Even using the highest doping density mentioned in ref. 1 , we obtain depletion widths of ~20 µm (c.f. Fig. S4 ), i.e. much wider than any halide perovskite thin film in these solar cells and also wider than basically any thin-film solar cell made of any material considered so far in photovoltaics.
to avoid S-shaped I-V curves 3 and, therefore, has to be around 1 V or higher. Even using the highest doping density mentioned in ref. 1 , we obtain depletion widths of ~20 µm (c.f. Fig. S4 ), i.e. much wider than any halide perovskite thin film in these solar cells and also wider than basically any thin-film solar cell made of any material considered so far in photovoltaics.
This lower limit of ~10 16 cm -3 for the doping concentration applies at thermal equilibrium, e.g. Another way of verifying that the obtained doping densities are insufficient to achieve a functional pn-junction at relevant photovoltaic operating conditions is to compare the difference in Fermi levels determined using X-ray photoemission spectroscopy and shown in Fig. 3b of ref. 1 for films that are made to be similar to the n-and p-type regions. The maximum difference in Fermi levels shown is 0.73 eV, which is fairly consistent with the observed doping densities, but is again substantially less than qV mpp = 0.89 eV.
While the process used to obtain the purported pn-junction in ref. 1 undeniably leads to higher efficiencies, we can be sure that it is not the doping that causes this improvement. In addition, we note that the drift-diffusion simulation shown in Fig. 2c is performed using doping densities > 10 17 cm -3 (see supplementary table 4 in ref. 1 ); indeed, such densities would suffice to create a real pn junction (cf. our Fig. 1 c) , but they are orders of magnitude higher than the measured values reported in ref. 1 .
A challenging question is the third one posed above, namely whether a pn-junction in lead-halide perovskite solar cells is a target worth pursuing. This question has no generic answer, because the ideal band diagram for a solar cell depends heavily on the material properties. If the diffusion length is long enough and charge collection is efficient as is the case in high efficiency lead-halide perovskite solar cells, the key question for maximizing the voltage per extracted carrier is how high the recombination rate is for a given defect density and capture cross section and how high the ideality factor is.
The former would reduce the open-circuit voltage, while ideality factors > 1 would reduce the fill factor. 7, 8 Both losses are maximized for the scenario where n n =p p holds in a large part of the absorber volume, 9 where  n and  p are the capture cross sections for electrons and holes into the defect that dominates recombination. In order to avoid the condition n n =p p , doping may be helpful as shown in Fig. 2 , because it induces an asymmetry at least in n vs. p that may help to reduce the absorber volume where n n =p p to a small region. 10 Thus, pn-junctions in lead-halide perovskites could indeed be helpful to achieve higher efficiencies if deep defect densities and carrier mobilities will not be adversely affected by higher doping densities and if those higher doping densities can actually be achieved technologically.
This last point may well be key as a pn-junction is not a thermodynamically stable situation; rather it is a kinetically stabilized one. 11 The relatively high diffusion coefficients for atomic/ionic species in the Pb halide perovskites that have been reported, will decrease such stabilization; more importantly, and for a defect to persist in a material, any defect formation energy has to be less than the reaction free energy for decomposition of the material, 12 a condition that will limit doping densities beyond those dictated by thermodynamics. 
